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ABSTRACT
Geometric defects play a significant role in affecting both material properties and
material behavior. Defects occur in a material due to manufacturing imperfections as well
as undesired loading such as incidental impacts. With the popularity of composites and
additively manufactured metals in structural applications and component design, the
effects of their material-specific defects are important to understand to have confidence in
the safety of their intended uses.
The use of additive manufacturing (AM) in metals has become a popular choice
due to its ability to create geometrically complex parts. In this study, the effect of printed
defects and build plate location on the material behavior of AM 316 stainless steel (SS)
was examined. Tapered tubular specimens manufactured with intentional defects
consisting of a through hole, quarter crack, or internal void were tested in tension and
compared to a pristine specimen. The through hole and quarter crack defects resulted in a
reduction in the ultimate tensile strength and global fracture strain. Fracture toughness
experiments were performed on two different notch types to determine an effective KIC
value on thin, AM printed specimens. Compression experiments were performed to analyze
the effect of distance from the build plate and build plate location on the compressive yield
strength and Young’s Modulus. It was found that both material properties improved as
distance from the build plate decreased. A variance in material properties dependent on the
build plate location was observed for all experiments.
Composites have become widely used due to their high specific strength and
stiffness. During compression loading, composites can experience ply separation, or
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delamination, due to buckling behavior both locally and globally. An embedded
delamination occurs when there is ply separation within the composite. This can result from
manufacturing defects or incidental impacts. In this study, the effect of embedded
delaminations on the buckling behavior of Carbon Fiber/Epoxy laminate composite plates
was examined experimentally. A study was performed to examine the effect of the size of
a single artificially embedded delamination on the load carrying capacity and surface strain
field of laminate composite plates. This testing was compared to that of laminate composite
plates made without the use of artificially embedded delaminations. Results of this study
indicated there was a critical size of an embedded delamination that resulted in a significant
reduction in load carrying capacity subjected to buckling. This led to further testing to
examine the behavior of laminate composite plates artificially embedded with double
delaminations of the same total area with varied spacing. This revealed that there was no
discernible difference in the load carrying capacity of embedded single delaminations
compared to embedded double delaminations of the same area due to increased scatter.
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Chapter 1. Introduction
Geometric defects play a significant role in affecting both material properties and
material behavior. These differ from microstructural defects because they occur at the
continuum level. Geometric defects occur in a material due to manufacturing
imperfections, fatigue, and undesired loading such as incidental impacts. With the common
use of composites presently, and the growing use of additively manufactured (AM) metals
in structural applications and component design, it is important to understand the effects of
their material-specific defects on their material properties and behavior so that there can be
confidence in their ability to safely handle the expected loads of their intended uses.
Defects are very common in additive manufacturing because the process is still not
fully understood, resulting in the development of defects in parts due to a number of
parameters. These include particle size, powder age, particle size distribution, atmosphere,
laser power, and build orientation. Defects that can occur from the inconsistencies in
manufacturing include porosity (presence of voids), lack of fusion, poor surface roughness,
and undesired/inconsistent powder sintering. It has also been observed that material
properties of AM metals vary due to build plate location and height from build plate. Due
to this frequency of defects and inconsistency in material properties in AM metals, it is
important to understand how they affect AM parts.
A common defect that occurs in composite materials is delamination, which is the
separation of layers, or plies in a laminate. This can be due to manufacturing errors (lack
of bonding between plies) and undesired impacts such as tool drops, debris, etc.
Delamination causes significant reduction in material properties, especially in compression
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loading. This is due to the effect of delamination growth as a result of local buckling of the
fibers and plies. Because of this, it is important to examine the effect of delaminations in
composites subjected to compression loading to better understand how failure occurs and
how they inhibit the strength of composites.
1.1 Research Questions
1.1.1 Additive Manufactured Metals


How does the presence of defects affect the mechanical properties of AM 316 SS
in tensile loading?



How do different types of printed defects (internal void, through hole, quarter
crack) affect the material properties and fracture behavior of AM 316 SS in tensile
loading compared to that of a pristine specimen?



How do different notch types affect the fracture toughness of AM 316 SS?



How does the build plate location and build height affect the material properties of
AM 316 SS in both tensile and compression loading?

1.1.2 Delaminations in Composites


How does delamination size affect the overall strength, or load carrying capacity of
a composite plate under compression loading compared to that of a pristine
specimen? How does it affect the strain field and out of plane displacement field?



Is there a critical size of delamination that there must be to significantly affect the
load carrying capacity of a composite plate under compression loading?
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How does the buckling mode of a composite plate affect the load carrying capacity,
strain field, and out of plane displacement field of a composite plate under
compression loading?



How does the effect of double delaminations with varied spacing (in the same
plane) compare to that of a single delamination of same total delamination area?

1.2 Thesis Outline
This thesis will consist of two studies: the effect of printed defects on the material
properties of AM 316 SS and the effect of delaminations on the buckling behavior of
carbon fiber/epoxy laminated composite plates. Chapter 2 will focus on the AM 316 SS
study. Chapter 3 will cover the delamination study in composite plates. Chapter 2 and 3
will each consist of background information, followed by material overview of specimens
used for each study, experimental procedure, experimental results, and a discussion of the
significance of the results and how they apply to the literature and real world applications.
Chapter 4 will comprise the conclusions to be drawn and Chapter 5 will include future
work possibilities identified during this study.
Chapter 2. AM 316 SS Study
2.1 Background
The use of additive manufacturing in metals has become a popular choice due to its
ability to create geometrically complex parts [1–4]. However, the manufacturing process
is still not fully understood, which can result in the development of defects in the AM parts.
These defects include porosity and lack of fusion, which can affect the material’s properties
and behavior [3,5]. Parameters of additive manufacturing such as powder age, powder
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reuse, particle size distribution, atmosphere, laser power, and build orientation have also
been shown to affect the presence of defects and performance of material properties of AM
metals [2,3]. Because of this, studies consisting of high-throughput testing, in order to test
the variability of material properties in AM metals, have shown significant reduction in
material properties in AM metals compared to wrought metals, due to undesired defects
such as surface roughness and voids [2–4,6]. It has been shown that during the AM process,
there is a difference in the material properties due to the vertical distance relative to the
build plate [5,7]. This is due to the change in microstructure of the material caused by
varying temperatures as the part is created and distance from the build plate is increased.
It has been shown that smaller grain sizes are present in the AM material closer to the build
plate, resulting in better material properties compared to that of material further away than
the build plate [5]. Studies have explored the effect of build plate location on the variation
of material properties of AM metals [8]. This shows that there is much concern for the
consistency of material properties of AM metals due to difficulties in the AM process and
control of defects and build parameters. Because of this, it is important to study the effect
of geometric defects and build plate location on the material properties of AM metals so
that there can be confidence in handling expected loads safely in structural and component
design. In this study, printed defects were intentionally manufactured into the specimens
being made in order to examine the effect of the geometric defects on the material
properties and behavior of additively manufactured (AM) 316 stainless steel (SS). The
build plate location of specimens will also be considered to determine if there is a
significant change or trend in material properties across the build plate.
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2.2 AM 316 SS Defect and Material Characterization
The build plate of the AM 316 SS specimens is shown in Figure 1. This shows the
location of each of the specimens provided as well as the part numbers of the tubular
specimens that were associated to the defect each specimen was manufactured with. The
specimens were manufactured with the use of a Renishaw AM400 additive manufacturing
system at Sandia National Laboratories.

Figure 1: AM 316 SS Build Plate Layout
2.2.1 Tubular Specimens
Tensile tests were performed on tapered tubular specimens made with AM 316 SS.
Sixteen specimens were provided in order to examine the effect of defects on the material
properties of the AM 316 SS. The specimens were made to the specifications in the drawing
shown in Figure 2, units in inches unless specified otherwise.
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Figure 2: Tubular Tensile Specimen Dimensions
The sixteen specimens provided consisted of 4 sample groups of 4 specimens each. The
sample groups included:


Pristine: No defects were manufactured in these specimens. They were used to
provide a basis for comparison with the other specimens.



Internal Void: An internal void was manufactured into each of these specimens.
The internal void was not identifiable from the surface.



Through Hole: A through hole was manufactured in these specimens. The through
hole was located at the center of the tapered region and only went through one of
the thicknesses, not the entire diameter of the specimen.



Quarter Crack: A crack through the thickness of the specimens around ¼ of the
circumference was manufactured. During the manufacturing process, loose powder
sintering occurred, causing some bridging in the desired crack region.
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2.2.2 Fracture Toughness Specimens
Fracture toughness tests were performed on thin rectangular specimens made with
additively manufactured 316 SS. The specimens (notch free and notched) were made to the
specifications in Figure 3 (dimensions in inches).

Figure 3: Fracture Toughness Specimens Dimensions
Eight specimens (4 virgin specimens, 4 with AM notch) were provided in order to examine:
the effect of an AM notch on the fracture toughness of AM 316 SS compared to a diamond
saw notch and the effect of pre-cracking on the fracture toughness of AM 316 SS compared
to initial notches without pre-cracking. These fracture toughness specimens were not made
to ASTM E399 standard [9]. The specimens did not meet the standard for the straight
through wide notch because the crack tip angle was greater than 90°. They did not meet
the standard for straight through narrow notch either because the crack width was too large
relative to the specimen width. The reported “effective fracture toughness” values are not
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standard values for the AM 316 SS, but are still useful in studying how notch types affect
the fracture behavior by comparing their effective fracture toughness values to each other.
2.2.3 Compression Specimens
Compression tests were performed on rectangular prism specimens made with AM
316 SS. Four AM steel bars were provided in order to examine the effect of distance away
from build plate on the compressive material properties of AM 316 SS. The steel bars had
cross section dimensions of 10 mm x 10 mm with a total length of approximately 100 mm.
They were labelled R1, B2, T, and L1 in accordance to their location on the build plate, as
shown in Figure 1.They were then cut into 20 mm length specimens for a desired length to
width ratio of 2:1, starting from the top of the specimen working down towards the build
plate. This was done so as to prevent buckling to occur during the compression test. They
were labelled as the distance from the build plate decreased. For example, the top specimen
from the R1 bar was labelled “R1-1”. The next specimen down was labelled “R1-2”, and
so forth until the final specimen that was cut, closest to the build plate was labelled “R15”. The specimens were levelled to within 0.0005” in accordance with the ASTM standard
E9-09 [10].
2.3 AM Metals Experimental Procedure
2.3.1 Tubular Tensile Testing
The tubular specimens were tested in tension with the use of an MTS Landmark
load frame. The use of clevis grip adapters were implemented due to the specimen
geometry. Loading the geometry, the top was inserted first. The clevis pin was then inserted
so that the specimen was left hanging from the top grip. The actuator was then raised until
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the bottom of the specimen reached the correct height for the clevis pin to be inserted. The
clevis grips had the ability to be rotated with the use of locking nuts to ensure the clevis
pin holes lined up properly. Once the specimen was secured in place with the clevis pins
on both sides, the load frame was set to a 0 N load control to ensure no loading before the
test was ready to be run. Vic-Gauge 2D was then used to export global strains of the
specimens with a virtual real time two point extensometer using digital image correlation
(DIC), along with the force associated with each data point. Due to the surface roughness
of the AM steel, there was enough contrast for DIC without the need for speckling the
specimens. The monotonic tensile tests were run in displacement control at a rate of 50
μm/s, which corresponded to a strain rate of approximately 10-3 s-1.
2.3.2 Fracture Toughness Testing
The fracture toughness testing was performed with the use of an MTS Landmark
load frame. Pinhole grips were used in order to test these specimens. Loading the
specimens into the grips, the pinhole at the top of the specimen was lined up with the
pinhole in the top grips, and the pin was inserted. The actuator was then moved up until
the bottom grip pinhole was aligned with the specimen properly. Once both pins were put
into place, the load frame was set to a load control of 0 N to ensure no unintentional loading
would occur during the tightening of the plates onto the grips. The plates were used to
sandwich the fracture specimens and induce a frictional force upon loading of the
specimen. This was done in order to relieve stress concentrations around the pinhole and
to reduce the possibility of pin failure during the experiment.
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In order to test determine for fracture toughness, monotonic tensile experiments
were performed for each test with a known crack length. This crack length was measured
by taking the pixel length of the crack and using the resolution of the camera to obtain the
crack length in meters. The monotonic tensile tests were performed in displacement control
at a rate of 60 μm/s, or a strain rate of approximately 10-3 s-1. An initial monotonic tensile
test was run to establish a baseline for strength of the AM notch specimens. In order to test
both the effect of an AM notch on the fracture toughness compared to a diamond saw notch,
and the effect of pre-cracking on the fracture toughness compared to initial notches without
pre-cracking, four types of tests were performed: diamond saw notch only (DS), diamond
saw notch with pre-crack grown (DSPC), AM notch crack opened (AMO), and AM notch
opened with pre-crack grown (AMPC). Diamond saw notches were cut into the middle
virgin AM steel specimens (same locations as AM notch specimens) to a length of
approximately 40% of the width of the specimen. A monotonic test on a diamond saw
notch specimen was first performed. This established both an expected value for fracture
toughness of notched specimens and a baseline for the expected maximum load that the
notched specimens could handle. The resulting maximum load was approximately 6 kN.
Using this maximum load, a value of 3 kN (50% expected max load) was determined to be
used in the cyclic loading of the DSPC, AMO, and AMPC specimens. For the AMO test,
the specimen was cyclically loaded at an R-value of 0.1 between 0.3 kN and 3 kN to ensure
incidental compressive loading was avoided. This was done for the DSPC and AMPC
specimens while viewing the end of the notch through a camera until the crack tip grew
and the total crack length reached between 0.45W and 0.55W, according to ASTM standard
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E399 [9]. For the AMO specimens, the cyclic loading was only run until the notch was
opened. After reaching the desired crack length for each specimen during cyclic loading,
pictures were taken at 10 fps while cycles were run at 1 Hz in order to capture multiple
pictures during each part of the cycle. After the cyclic loading process was complete,
monotonic testing was performed as mentioned previously in order to obtain effective
fracture toughness values for each type of test.
2.3.3 Compression Testing
The compression testing was performed with the use of an MTS Landmark load
frame. Platen grips were manufactured and inserted into the hydraulic collets for the use of
the compression tests with the dimensions (inches) shown in Figure 4.

Figure 4: Compression Platen dimensions
The faces were levelled to 0.0005” as indicated by ASTM standard E9-09 [10]. Each
specimen was placed in the center of the bottom grip with the face of the specimen parallel
to the camera face. The actuator was then slowly raised until the specimen was touching
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the top grip. A digital extensometer was then set up with Vic-2D software in order to obtain
compressive strains throughout the tests. Each compression test was run in displacement
control at 20μm/s (approximately 10-3 s-1 strain rate) to a compressive strain of
approximately 10%.
2.4 AM Metal Experimental Results
2.4.1 Tubular Tensile Results
The following plot shows the stress-strain curve response of the tensile tests performed on
the AM 316 SS tubular specimens shown in Figure 5.

Figure 5: Stress vs. Strain Plot of AM 316 SS Tubular Tensile Specimens showing all
tests with each defect type plotted against each other
The average Young’s Modulus and ultimate tensile strength for each type of specimen are
shown in Table 1.
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Table 1: AM 316 SS Average Young’s Modulus and ultimate tensile strength for each
defect type
AM 316 S.S. Tubular Tensile Testing
Average E* E* Standard Average UTS UTS Standard
Specimen
(GPa)
Dev. (GPa)
(MPa)
Dev. (MPa)
†
Pristine
53.9
618.1
3.4
126.2
Internal Void
176.2
40.4
604.7
5.1
Through
135.3
17.9
532.9
7.3
Hole
Quarter
157.9
10.7
444.3
5.2
Crack
*Effective Young’s Modulus due to tapered geometry
†

Due to an unreasonably high outlier, the average stiffness of pristine samples was calculated using 3 of
the tests.

As shown above, the pristine and internal void specimens exhibited similar UTS values
while both the UTS values for the through hole and quarter crack specimens were
significantly lower, approximately 14% and 28% lower than pristine, respectively. There
was a high variance in the Young’s Modulus, resulting in no conclusion to be drawn
regarding the effects of defect types on the stiffness of AM 316 SS. The global fracture
strain of the specimens was lower than expected (50-60%), however, local strains captured
by DIC revealed that local strains exhibited typical 316 SS ductile strain values [11]. The
through hole and quarter crack defects resulted in a lower fracture strain of ~7-8%
compared to the pristine and internal void specimens fracture strain of ~10-11%. Even
though the pristine and internal void specimens fractured around similar global strain
values, the internal void specimens did not soften prior to failure. Loose particles around
the designed quarter crack became sintered, bridging the crack with material. When the
crack opened, there was a corresponding load drop, occurring after yield, which was
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approximately 21% lower than that of the pristine specimen. The internal void specimens
exhibited a brittle fracture behavior, while the other three specimen types failed in a ductile
manner.
2.4.2 Tubular Tensile Fractography
Fractography was performed on the fractured surface of the tubular tensile samples.
This was performed on a Hitachi SU6600 SEM at the Clemson University Advanced
Materials Research Laboratory. The fractography analysis confirmed the ductile manner
of fracture in the pristine, through hole, and quarter crack specimens, as indicated by a
dimpled fracture surface and cup/cone features [12]. Figure 6 shows a picture of dimpling
on the fracture surface of a pristine specimen (#1). Evidence of unsintered powder is
visible.

Figure 6: Dimpling on fracture surface of pristine specimen (#1). Unsintered powder
particles are circled.
The fractography analysis confirmed that the internal void specimens fractured in a brittle
manner, indicated by the flat fracture surface as seen in Figure 7.
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Figure 7: Brittle fracture surface of an internal void specimen (#5)
Seen in the SEM images were undesired defects (shown in all specimen types) caused by
the powder sintering manufacturing process. This includes uneven powder sintering,
presence of voids, and bad quality surface roughness all shown in Figure 8 on the fracture
surface of one of (#7) the through hole specimens.

Figure 8: Fracture surface showing uneven powder sintering (yellow boxed region),
voids (red circles), and undesired surface roughness (arrows)
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The SEM photos showed potential locations of fracture initiation, such as unusually large
voids on the fracture surface, as shown in Figure 9 of one of (#1) the pristine specimens.

Figure 9: Large voids, potential sites of fracture initiation
Fractographs revealed, for all defect types except the internal void specimens, that near the
defects, brittle fracture occurred, but as the distance from the defect increased, the fracture
became more ductile. Even though this brittle behavior occurred near the defect, it did not
change the global response of the specimens, which continued to show softening and
ductile fracture behavior. This brittle behavior near the defect and ductile response as
distance increases from the defect can be seen in Figure 10, taken of a through hole
specimen’s fracture surface.
Cone

Porous

Through
hole defect
Brittle
response
near defect

Figure 10: Brittle fracture near defect, ductile fracture as distance from defect increases
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Loose powder sintering occurred in the manufacturing of the quarter crack specimens, seen
in Figure 11, indicated by the quarter crack region appearing fractured rather than the
presence of unsintered powder on the surface of the specimen (#14).

Figure 11: Boundary of Fracture surface and quarter crack region
2.4.3 Fracture Toughness Results
The initial monotonic tensile test that was run to establish a baseline for strength of
the AM notch specimens resulted in tear out to occur at the pins, effectively showing that
without the notch being opened, it acted as a specimen without a notch. This was due to
bridging of the material as a result of loose powder sintering in the manufacturing process.
The effective fracture toughness results of the DS, DSPC, AMO, and AMPC specimens
are seen in Table 2.
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Table 2: Fracture Toughness Results of AM 316 SS Testing
AM 316 SS Fracture Toughness Tests
Experiment
# of specimens
KIC (MPa-m1/2)
1
41.94
DS
3
39.17
DSPC
1
37.59
AMO
1
39.22
AMPC

One of each of the DS, AMO, and AMPC tests were run as well as three DSPC tests. An
additional AMO test was attempted, but a branched crack formed during the test, voiding
reliable results of fracture toughness. A single crack is required per the ASTM standard
E399 [9]. The experiments revealed a decrease in fracture toughness (10.4%) in the AM
notch type compared to the diamond saw notch type when there was no pre-cracking
performed. The initial DS specimen without pre-cracking was the largest KIC, while the
AMO specimen exhibited the smallest KIC. The pre-cracked specimens had a KIC value
between the two. The pre-cracking tests revealed no impact of notch types on the fracture
toughness of AM 316 SS. Upon visually inspecting the fracture surface after testing, the
following observations were made. The diamond saw surface was smooth. The AM crack
surface was non-uniform due to the loose powder sintering that occurred in the
manufacturing process, similar to what was seen in the quarter crack tubular tensile
specimens. It was observed that there was a large variance in number of cycles needed to
open up the AM notches in the specimens.
2.4.4 Compression Results
The compressive stress-strain response of each of the AM 316 SS rectangular
column specimens were plotted as seen in Figure 12.
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Figure 12: Compressive Stress-Strain Curve of AM 316 SS
For each bar, the specimen closer to the plate (marked “-5”) exhibited consistently higher
compressive stress values compared to the specimen far away from the plate (marked “1”). This trend can be seen in Table 3, showing the specimens’ compressive modulus and
yield strength.
Table 3: AM 316 SS Compressive Testing Results
AM 316 SS Compressive Testing
Specimen
R1-1
R1-5
B2-1
B2-5
T-1
T-5
L1-1
L1-5

Compressive
Modulus (GPa)
120.9
133.7
133.8
147.4
119.0
163.9
149.1
172.6
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Compressive Yield
Stress (MPa)
441.4
463.8
439.5
496.7
424.9
501.5
462.4
509.0

Table 3 shows that the material properties between the bars were not consistent, meaning
there was a variation of material properties dependent on the location of the bars on the
build plate. It was observed that the compressive yield strength of AM 316, even near the
build plate, was weaker than its tensile yield strength.
2.5 AM Metals Discussion
2.5.1 Internal Void Defect
As seen in Figure 5 and Table 1, the UTS of the internal void specimens and pristine
specimens were very similar. This showed that the internal void defect did not have a
significant effect on the ultimate tensile strength of the AM 316 SS tubular specimens.
However, the fracture of each of the internal void specimens was brittle in behavior, while
all of the other specimens exhibited strain softening before a ductile fracture. Evidence of
brittle fracture for the internal void specimens was seen in the fractography SEM images,
indicated by the flat fracture surface. This brittle fracture behavior of the internal void
specimens was unexpected because there was a single intentionally manufactured void,
relatively large in size compared to the thickness of the specimen. A large void would be
thought to act similar to the through hole, creating a stress concentration at the void. This
results in plastic deformation to occur at the void first, followed by failure around the
defect, and strain softening to occur due to the loss of strength of the specimen. Brittle
fracture occurs near the void and ductile failure occurs as distance increases from the
defect. However, the fracture behavior of the internal void specimens did not exhibit these
characteristics. It was unexpected that the fracture was brittle at such a large strain after so
much ductility because brittle fractures typically occur very close to the yield strength.
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Analysis of the fractography revealed the presence of large voids in multiple types of
specimens, as seen in Figure 9 in a pristine specimen, not exclusively the internal void
specimens.
2.5.2 Young’s Modulus, UTS, and Fracture Behavior
As seen in Table 1, there was much variation in Young’s modulus across the
different types of defects. Because of this, there was no conclusion able to be drawn on the
effect of defect type on the Young’s modulus of AM 316 SS tubular specimens. This is
also due to the specimen shape, as the tapering was not consistent with a typical consistent
width gauge section specimen. Comparing the UTS values, it was observed that the
through hole and quarter crack specimens had significantly lower strengths, 14% and 28%
lower than pristine, respectively. It is no coincidence that the reduction in UTS for the
quarter crack specimens was close to 25%, since the printed defect reduced the effective
area by 25%. However, there was loose powder sintering around the desired location of the
intentional defect. This in itself shows the potential of resolution defects in AM metals.
The result of this loose powder sintering across the quarter crack region resulted in a load
drop caused by the sudden opening of the bridging material across the quarter crack during
testing as seen in Figure 5. The significantly lower UTS values in the through hole and
quarter crack specimens were likely due to stress concentrations developing around the
defects. It was observed in DIC images that crack propagation occurred around the through
hole and quarter crack defects. This resulted in strain softening in the through hole and
quarter crack specimens and fracture to occur at a lower global strain than the pristine
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specimen, as seen in Figure 5. Brittle fracture was seen close to the defects while ductile
fracture was seen further away from the defects.
2.5.3 Strain Observations
The global strain response of the tubular tensile specimens was observed. It was
found that even the pristine and internal void specimens had a fracture strain of
approximately 10% to 11%. This is much lower than typical fracture strains of 316 stainless
steel of approximately 50-60%, and was attributed to the tapered specimen geometry [11].
Upon further observation, strain field calculations close to the middle of the pristine
specimen (#1) exhibited similar strain values of typical 316 stainless steel specimens,
approximately 55%.
2.5.4 Surface Roughness
The SEM images of the tubular specimens showed multiple defects such as
presence of voids, uneven sintering of powder, as well as the undesired surface finish
created by the AM process. Surface roughness in AM metal parts has been observed to
reduce the effective area of the specimen, resulting in smaller stress values being reported.
Salzbrenner et. al examined this effect, and even recalculated more accurate stress values
after finding the effective area resulting from a surface roughness analysis [3]. Surface
roughness has been found to cause locations of stress concentrations on the outside of the
specimen, resulting in a fracture initiation site [3]. In addition to that, surface roughness
has been seen to affect fatigue performance of AM metals [13]. Due to these disadvantages,
finishing operations such as polishing have been performed on AM parts prior to testing in
order to improve the surface roughness [14].
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2.5.5 Print Directions
All of the tubular tensile specimens were manufactured so that the loading direction
was parallel to the print direction. It has been shown that the print direction of AM metals
causes the material traditionally thought to be isotropic to behave like an anisotropic
material [7,15]. Each of the fracture toughness specimens were printed with the loading
direction perpendicular to the print direction. This makes it difficult to relate results seen
in the tubular tensile specimens to the fracture toughness specimens since they were printed
in different directions.
2.5.6 Build Height and Print Direction Effects
Compression experimental results showed that as the distance from the build plate
decreased, both the compressive modulus and the compressive yield stress increased. This
occurred because as distance from the build plate decreases, the grain size decreases [5].
This makes it difficult to characterize material properties of AM metals, because they are
dependent on the height of the part due to the anisotropy in build direction as vertical
distance changes relative to the build plate. This means that high-throughput testing (the
high sample size testing of materials to evaluate the stochastic nature of the mechanical
properties) of the same material from the same build plate of varying heights could yield
different results [3]. This would be due to a critical height from the build plate, where the
change in grain size has a significant effect on the material properties. This means that
material properties of the specimens created using AM would vary relative to the print
direction. The tubular specimens used in this experiment were all printed vertically from
the build plate. If printed horizontally to the build plate, their properties are expected to
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differ because of anisotropy that would occur due to the print direction [15]. In addition, it
is expected that a smaller tubular specimen (printed vertically from the build plate) would
result in a greater UTS magnitude due to the change in microstructure as the build height
increases. These variances indicate that ASTM standards must be revised to accommodate
this anisotropy in AM material characterization.
In this study, the fracture specimens were made so that the print direction was
perpendicular to the loading direction. The fracture toughness specimens were
approximately 11.3mm in width, which means that the material property differences in the
print direction due to build plate distance are likely insignificant at this scale. However, if
these specimens were scaled up, it could mean a change in grain size across the width of a
fracture specimen. If that were to occur, then testing could reveal different fracture
toughness values dependent on what side the notch or crack was initiated on since fracture
toughness increases with a decrease in grain size [12].
2.5.7 Treatment of AM Parts
As mentioned previously, the AM process results in anisotropy due to the build
direction, as well as a difference in microstructure as distance changes relative to the build
plate because of thermal history [7]. Because of this, efforts have been made to negate these
effects so that they are not limited by these factors, such as the peak-hardening process
Brandl et. al used [16]. The printed parts were inhomogeneous in microstructure prior to
the peak-hardening process. Afterwards the material homogenized with no perceivable
differences in the microstructure among the three different build direction specimens. This
resulted in the removal of laser traces and heat affected zones caused by the AM process
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[16]. Applications of a peak-hardening process of AM metals could prove to be beneficial
in that it would not limit manufacturers to specific print directions and material properties
of the specimens after treatment would be more predictable. This would still allow for the
benefit of complex geometric parts to be made with the AM process without the worry of
variation in material properties due to print direction.
2.6 AM Metals Summary
It is important to understand the effect of defects on the material properties and
behavior of AM metals in order to have confidence in their ability to be used in structural
applications or component design. Through hole and quarter crack defects in the tubular
specimens created the greatest reduction in strength of the AM 316 SS, as well as a decrease
in fracture strain. The internal void defect caused fracture behavior to occur in a brittle
manner. Undesired effects of the AM process were observed such as unintentional voids
and surface finish. Compressive yield strength of the AM 316 SS was found to be weaker
than its tensile yield strength. Fracture toughness results indicated a decrease in effective
fracture toughness from diamond saw to AM crack when pre-cracking was not involved.
For pre-cracked specimens, it was found that there was no effect on the effective fracture
toughness due to the difference in notch types. It was found that the compressive material
properties were better at a distance closer to the build plate, as agreed upon by literature.
Variation in material properties due to build plate location was observed for both tensile
and compression specimens.

25

Chapter 3. Carbon Fiber/Epoxy Delamination Study
3.1 Background
Composites are used in multiple applications due to their desired material
properties. This is because they have high specific strength and specific Young’s modulus
compared to materials like metals, meaning they are very good for lightweight applications
like their use in aircraft [17]. They are sought out due to their ability to vary their design
for intended purpose. Laminate composites are a good example of this. They consist of
layering multiple unidirectional plies in varying directions to strengthen the designed
composite in multiple directions. Although composites are very strong and lightweight,
there are still issues that need to be addressed when working with them. One of the concerns
for composites is that they tend to perform quite poorly in compression, so it is important
to understand why there is such a disparity between tensile and compressive material
properties in composites [18]. Composites can fail at much lower loads than expected due
to unidentified damage, such as delamination, which is the separation of plies in a
composite material. This happens because the composite is weakest at the bonding between
the plies, rather than the strength of the plies themselves. Delamination is typically caused
by things like low velocity (incidental) impacts, poor manufacturing procedures[19,20],
and as a result of fatigue loading [21]. When a composite is loaded in uniaxial compression,
local buckling of the fibers and plies, in the direction of the loading, causes delamination
growth [22]. As the delamination grows, the composite becomes weaker. It is important to
study the effect of delamination in composites to better understand how the failure occurs,
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and how much it inhibits the overall strength of the composite, depending on the number,
size, and location of the delamination(s).
Multiple studies have been done to experimentally examine the effects of
delamination in composites. Rhead, Butler, and Hunt examined the effect of global and
local buckling behavior in delaminated composites [23]. When the specimen was
constrained globally, preventing out of plane deformation along the edges, and only
allowed to buckle locally, it resulted in the delaminated specimen failing significantly
before the specimen without an artificial delamination. Likewise, when a delaminated
specimen was tested while not constrained, the unrestrained specimen failed significantly
before the specimen that was constrained only to local buckling [23]. Effects of
delamination location (at different ply interface depths) have also been explored. It was
concluded that the failure load decreased as the depth of the delamination as measured from
the top of the specimen approached the mid-plane [24]. Wang explored the effect of two
delaminations (at various ply interface depths) as well, concluding that the specimens
containing two delaminations yielded much lower failure loads when compared to the
single delamination specimens [24]. The effect of multiple delaminations with varying size
was studied by Aslan and Sahin in 2009, where four delaminations were distributed from
the top interface to the middle interface, each in decreasing size meant to simulate the effect
of low velocity impact damage. Sizes of the delaminations were varied in the experiment,
changing the size of the largest delamination relative to the length of the composite. As
expected, as the delamination size relative to the length increased, the experimental
buckling load decreased [21]. In 2014, Ruan, et al. explored the effect of delaminations on
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the buckling load caused by impact loading with the use of a drop-weight testing machine.
They detected the delaminations using the nondestructive technique, X-ray radiography.
The specimen was loaded in compression to analyze the buckling load with the use of out
of plane displacements obtained by three dimensional digital image correlation (3D-DIC).
This study showed that using 3D-DIC is a valid tool for evaluating buckling behavior of
composites subject to compression loading [25]. As mentioned previously, “buckling load”
or “failure load” is commonly used to describe the failure point of the composite specimen
in compression testing. Experimentally, this term has been defined a couple of ways. In
articles such as [21], it is defined as the inflection point in the force vs. displacement curve
whereas in [25], it is defined as the intersection of the beginning and end behavior slopes
of the load vs. displacement curve. In 2010, Esfahani et al. examined the effect of
delamination location (varying depth of delamination) in composite beam structures. This
study showed that the buckling load decreased the closer the delamination got to the surface
[26], which is interesting because it goes against the results found by X.W. Wang in 2005
[24]. Esfahani also examined the buckling mode that occurred with each delamination
location, showing that when the delamination was: in the mid-plane (H/t=0.5), global
buckling dominated; close to the surface (H/t=0.125), local buckling dominated; and in
between (H/t=0.25), mixed buckling occurred [26]. This showed that delamination location
does not only affect the buckling load, but may affect the buckling mechanism of the
composite being tested in compression as well.
In 1999, Gu and Chattopadhyay experimentally tested specimen that varied
stacking sequence, location of delamination (depth direction), and length of delamination.
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These studies showed that for each sample set, when delamination length was increased,
the buckling load decreased. This article showed that after buckling (point of inflection on
load vs. displacement curve), nonlinearity develops in the load vs. displacement curve, but
load still increases to an ultimate stress value, followed by a drop in load due to
delamination growth. They explain that as the delamination length increases, the ratio of
the ultimate stress to the critical stress increases, which means that delamination has more
of an impact on buckling load than the load-carrying capacity [27]. They also indicate
buckling modes occurring at each delamination location: global buckling at the mid-plane,
local buckling dominating at near-surface delaminations [27]. This is in agreeance with
Esfahani’s results in 2010. One of the main takeaways from this article is that even though
buckling occurs, the specimen still has a capacity to withstand load until delamination
growth occurs. Behavior of the angle-ply composites sample group are consistent with the
results of the cross-ply composites. In 2001, Nilsson et al. investigated experimentally and
numerically the delamination buckling and growth for slender composite panels. The
authors concluded that a thin film assumption is not adequate to predict growth and that a
delamination buckling analysis should be performed alongside the global buckling analysis
[17].
Numerical and analytical studies have been performed to analyze the effects of
delamination on composites subject to compression loading. In 2017, Rhead et al.
performed a theoretical method that derived a model to predict the far-field strain where
delamination propagation occurs after sublaminate (local) buckling [23]. This model was
used to predict reduction in strength of the composite specimen due to buckling modes
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interacting with each other, and was used as a comparison to their experimental procedure
mentioned earlier. In their model, they evaluated the critical strain at which buckling would
occur due to the eccentricity of the panel upon loading. In 2005, X.W. Wang et al.
performed a finite element analysis in order to compare the experimental results to a
numerical analysis [24]. They used ABAQUS to model their specimen, and acted under
the assumption of orthotropic elements, using a static non-linear analysis. From this
analysis, they concluded that the FEA results consistently slightly overestimated the
experimental results, but show similar behavior compared to their experiments. A finite
element analysis was done in 2009, by Aslan et al. to compare with their experimental
results. ANSYS was used, and the buckling load was determined by solving for eigenvalues
and their corresponding eigenvectors of the buckled mode shape. Boundary conditions
were set to appropriately simulate the experimental setup. This FEA analysis resulted in an
overestimate in buckling load (max of 7.75% difference) compared to the experimental
values [21], just as seen in X.W. Wang’s analysis in 2005. This overestimate in buckling
loads in numerical/analytical solutions compared to experimental results is likely due to
imperfections in the specimen, or experimental test setup. Similar to others, Esfahani
performed a finite element method as well in his study previously mentioned in order to
compare numerical results to experimental.

Like the others, most of his numerical

approximations overestimated the critical buckling load, however his analysis was done
assuming linear buckling behavior of the beam and that post-buckling behavior is not
considered [26]. In 2001, Hwang and Liu performed a finite element analysis in order to
examine the effects of multiple delaminations in a composite, while varying the size and
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location (in depth direction) [28]. Mentioned in this article is the existence of contact
elements, so that overlap does not occur between the elements. This analysis concluded
that near-surface delaminations have the largest impact (as agreed upon with most other
articles), and that so long as the near-surface delamination is larger than the ones beneath
it, the other delaminations do not have a significant effect on the critical buckling load.
Studies have been performed that have examined the effect of delamination location
in the depth direction. Most studies mentioned have been performed either with through
the width delaminations, or delaminations symmetric about the centroid of the plane. It is
important to know how in-plane delamination locations effect buckling behavior, since in
application usage delaminations could happen in multiple places on a composite panel,
plate, etc. Kryzanowski et al. have analytically solved for this using exact beam theory
[29]. This was done using the linearized stability theory, assuming the columns act linear
elastically with a single delamination. This analysis also includes the effect of transverse
shear acting due to the delamination. The article emphasized that in order to predict a more
accurate buckling behavior, more parameters such as delamination position and shear
effects need to be taken into consideration.
As mentioned previously, the size and position of delaminations have a significant
effect on the strength or load carrying capacity of the composite as well as the buckling
mode associated. Near surface delaminations have been seen to cause local buckling to
occur, resulting in ply separation of the sublaminate from the rest of the composite. The
effect of multiple delaminations (in the depth direction) on the effect of the strength and
buckling modes of composites has been studied as mentioned previously. In this study, the

31

effect of near surface embedded (in contrast to through-the-width) delaminations on the
load carrying capacity and surface strain field of laminated composite plates will be
examined. The criticality of size of the delamination will be examined. The effect of
multiple in plane delaminations will also be explored in order to determine if the two
delaminations will interact with each other or act as a single larger delamination. These
results will be compared to that of single delaminations with same total delamination area.
3.2 Composite Specimens
In this study, the material used was DA409U/G35 150 Unidirectional Carbon
Epoxy Prepreg manufactured by Adhesive Prepregs for Composite Manufacturers, LLC.
All specimens in this study consisted of 4 plies, each of the dimensions 4” x 2” with the
fibers oriented in the 4” length direction. This was in the direction of the compression load
during the test, or the 0° direction. The prepreg composite laminate specimens were cured
using a vacuum bag layup technique.
The 4” x 2” plies were laid up into 4 ply specimens on a metal sheet that was first
coated with fiber release. A release film was then laid on top of the composite, followed
by fabric, and then a cotton breather. Over wrap was then used with sealant tape to enclose
the plate with the laid up uncured composites in a vacuum tight seal. The specimens were
then put under a vacuum seal with the use of a pump during the curing process. The
composites were cured in an oven at 250°F for an hour, as specified by the manufacturer.
For this study, thin Teflon sheets were used as artificial embedded delaminations. For the
specimens that included artificially embedded delaminations, the Teflon sheets were cut to
size and placed in the desired locations during layup, prior to the curing process. The

32

specimens were speckled prior to testing for the 3D DIC technique could be used during
testing.
The first study was performed to determine the effect of the size of an artificially
embedded delamination on the load carrying capacity and strain field of laminate
composite plates. Tests were first run on specimens without any artificial delaminations to
establish a basis for load carrying capacity of specimens without any defects, or the optimal
case. Tests were then performed with single artificially embedded delaminations of varying
sizes to determine a critical delamination size that resulted in a significant decrease in load
carrying capacity. The single delaminations were laid up between the top and second ply.
The delamination sizes that were tested included 2” x 1” and 1” x 0.5”. The delaminations
were centered within the composite as seen in Figure 13.

Figure 13: Composite specimen dimensions for single delamination locations (inches)
The second composite study was performed to examine the behavior of laminate
composite plates artificially embedded with double delaminations (laid up between the top
and second ply) of the same total area as single delaminations with varied spacing. From
the first composite testing study, a delamination size of 1.5” x 0.75” was chosen. The
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double delamination specimens that were tested consisted of spacings 1/8”, 1/4”, and 1/2”
as shown in Figure 14.

Figure 14: Composite specimen dimensions for double delamination locations (inches)
3.3 Buckling Experimental Procedure
Compression buckling experiments were performed with the use of an Instron
FastTrack 8800 Materials Test Control System. Custom grips were made that clamped each
side of the laminate composite plates. The clamps were fastened by the use of bolts that
were turned to slide a plate within the same slot as the specimen until the specimen was
secure against the back of the slot, as seen in Figure 15.
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Figure 15: Custom compression grips designed and manufactured for buckling tests of
composite specimens. Left: SolidWorks Model, Right: Experimental Setup with 3D-DIC
Tests were performed in compression at a displacement rate of -0.1 mm/s. A calibrated
two camera stereo system was set up in order to use 3D DIC to capture images throughout
the tests being performed. As the test was run, the load cell was connected to a data
acquisition system (DAQ) that recorded the force output associated with each picture being
taken. The tests were run until the first significant load drop of the specimen was recorded.
After testing was complete, pictures of the tests were input into Correlated Solutions’
software program Vic-3D. The strain field and out of plane displacement field of the
laminate composite plate throughout the test was measured.
3.4 Buckling Testing Results
After the strain fields and out of plane displacement fields were processed in Vic3D, the average out of plane displacement and average strain in the loading direction were
calculated for each of the pictures that had an associated force from the DAQ output during
the test. From this data, compressive force per unit thickness vs. average out of plane
displacement plots were created. The tests resulted in the composite plate either buckling
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towards the camera, or away from the camera, and were not able to be controlled by the
operator. For the testing that resulted in buckling away from the camera, the out of plane
displacements processed by Vic-3D were negative, because the composite deformed in the
“into the page” direction from the perspective of the cameras. In order to compare the tests
that buckled in each direction, the out of plane displacements for the tests that buckled
away from the camera were multiplied by -1 so that their results could be plotted against
the tests that buckled towards the camera. The thicknesses of each specimen varied even
though they were each made of 4 plies. This was thought of as either an inconsistency in
amount of resin in the prepreg roll supplied by the manufacturer, or inconsistency in the
layup process, which is the reason the compressive force per unit thickness was plotted
instead of the compressive force; this was a form of normalizing the varying thicknesses.
Results are as follows.

Figure 16: CF/Epoxy Plate without delaminations. Compressive force per unit thickness
vs. out of plane displacement plot.
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Figure 17: CF/Epoxy Plates with 2” x 1” Delamination. Compressive force per unit
thickness vs. out of plane displacement plot.

Figure 18: CF/Epoxy Plates with 1” x 0.5” Delamination. Compressive force per unit
thickness vs. out of plane displacement plot.
The load carrying capacities, or maximum loads before failure, were calculated for each of
the tests. The results are shown in Table 4.
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Table 4: Single Delamination Load Carrying Capacity Results CF/Epoxy Plates

Delamination
Type
No Delamination
2" x 1"
1" x 0.5"

Single Delamination Testing Results
Number of Average Load Carrying
Samples
Capacity (N/mm)
9
639
4
552
5
648

LCC 90%
Confidence Interval
563 - 714
464 - 641
588 - 709

The vertical strain fields of the composites were also influenced by the presence of
a delamination. Typical behavior of the composite plates subjected to buckling is shown in
Figure 19, which shows the out of plane displacement field and vertical strain field
throughout the test.

Figure 19: Out of Plane Displacement field images (left) and Strain field images (right)
throughout buckling test of specimen without any delaminations.
The delamination was artificially embedded between the first and second ply, close to the
surface. This means that the delamination was not on the mid-plane of the composite. When
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a delaminated specimen globally buckled away from the cameras, local buckling of the top
ply of the composite plate would occur, resulting in ply separation at the surface around
the delamination location. The out of plane displacement field and vertical strain field for
a specimen that globally buckled away from the cameras is seen in Figure 20.

Figure 20: Out of Plane Displacement field images (left) and Strain field images (right)
throughout buckling test of 2” x 1” delamination. Ply separation occurred due to local
buckling of top ply around the delamination. Global buckling occurred away from the
cameras.
When the delaminated specimen globally buckled towards the cameras, ply separation did
not occur, but the strain fields were still affected at the delamination location as seen in
Figure 21.
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Figure 21: Out of Plane Displacement field images (left) and Strain field images (right)
throughout buckling test of 2” x 1” delamination. Only global buckling occurred.
Effects of delaminations on the vertical strain fields of composites artificially embedded
with a size of 1” x 0.5” were observed, although the difference in vertical strain around the
delamination was observed to be smaller than the vertical strain fields seen in the 2” x 1”
testing, as seen in Figure 22.
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Figure 22: Out of Plane Displacement field images (left) and Strain field images (right)
throughout buckling test of 1” x 0.5” delamination. Only global buckling occurred.
Testing of single delamination sizes revealed that the 2” x 1” delamination size had
a significant effect on the load carrying capacity, and that the 1” x 0.5” delamination size
did not. The 2” x 1” delamination size was large relative to the specimen area. Because of
this, when choosing a delamination size to test single versus double delaminations with
varying spacing, it was determined that a smaller delamination size was needed in order to
have enough area on the specimen to space out the double delaminations at varied spacing.
It was already known from single delamination tests that there was not a significant effect
on load carrying capacity for the delamination size of 1” x 0.5”, and that the effects of the
strain fields were not as distinct. Therefore, the delamination size of 1.5” x 0.75” was
chosen for the single versus double delamination study. Testing results of delamination
tests of size 1.5” x 0.75” are shown.
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Figure 23: Single Delamination size 1.5” x 0.75” Plots

Figure 24: Double Delamination size 1.5” x 0.75” with 1/8” spacing Plots
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Figure 25: Double Delamination size 1.5” x 0.75” with 1/4” spacing Plots

Figure 26: Double Delamination size 1.5” x 0.75” with 1/2” spacing Plots

43

Figure 27: All Plots of Delamination area 1.5” x 0.75”
Average load carrying capacities were calculated for each delamination type. Results are
shown in Table 5.
Table 5: Load Carrying Capacity Results of Delamination size 1.5” x 0.75”
Average Load Carrying
Capacity (N/mm)
794.8
Single
788.3
Double-1/8
816.2
Double-1/4
768.8
Double-1/2
Tests

Load Carrying
Capacity SD
31.57
25.76
37.28
42.19

Number of
Tests
3
6
4
4

Out of plane displacement and strain fields were calculated for each of the 1.5” x 0.75”
delamination area tests. The following plots show these fields for each of the delamination
types, buckling both toward and away from the cameras. The only type of delamination
that did not have at least one test that buckled both towards and away from the camera was
the single delamination. All three of the single delamination, size 1.5” x 0.75” tests buckled
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away from the cameras. Results are shown for each buckling direction for each type of size
1.5” x 0.75” delamination.

Figure 28: Out of Plane Displacement field images (left) and Strain field images (right)
throughout buckling test of 1.5” x 0.75” delamination. Ply separation occurred due to
local buckling of top ply around the delamination.
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Figure 29: Out of Plane Displacement field images (left) and Strain field images (right)
throughout buckling test of 1.5” x 0.75” double delamination with 1/8” spacing. Ply
separation occurred due to local buckling of top ply around the delamination.

Figure 30: Out of Plane Displacement field images (left) and Strain field images (right)
throughout buckling test of 1.5” x 0.75” double delamination with 1/8” spacing. Only
global buckling occurred.

46

Figure 31: Out of Plane Displacement field images (left) and Strain field images (right)
throughout buckling test of 1.5” x 0.75” double delamination with 1/4” spacing. Ply
separation occurred due to local buckling of top ply around the delamination.

Figure 32: Out of Plane Displacement field images (left) and Strain field images (right)
throughout buckling test of 1.5” x 0.75” double delamination with 1/4” spacing. Only
global buckling occurred.
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Figure 33: Out of Plane Displacement field images (left) and Strain field images (right)
throughout buckling test of 1.5” x 0.75” double delamination with 1/2” spacing. Ply
separation occurred due to local buckling of top ply around the delamination.

Figure 34: Out of Plane Displacement field images (left) and Strain field images (right)
throughout buckling test of 1.5” x 0.75” double delamination with 1/2” spacing. Only
global buckling occurred.
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Similar behavior was observed in the single delamination tests of the 1.5” x 0.75” size
delamination compared to the other single delamination tests, where ply separation and
local buckling of the top ply occurred when the specimen buckled globally away from the
cameras. Ply separation occurred in the double delamination testing as well when the
specimen buckled globally away from the cameras, but it was observed to happen in both
the top and bottom delaminations, compared to the single delamination tests where ply
separation only occurred on one side of the delamination. This ply separation in two
locations of the double delamination tests is shown in Figure 29, Figure 31, and Figure 33.
Similar to the single delamination tests, when the specimen buckled globally towards the
cameras, local buckling and ply separation of the top ply of the specimen did not occur in
the double delamination tests, but effects on strain fields were still seen as shown in Figure
30, Figure 32, and Figure 34. Although the reduction of strain is still seen in the
delaminated area, there was not a distinguishable region in the strain fields that indicated
the location of the spacing between the double delaminations.
3.5 Composite Buckling Discussion
3.5.1 Critical Delamination Size
As seen in Table 4, the tests with delamination size 1” x 0.5” had no significant
effect on the load carrying capacity (LCC) of the laminate composite plates. The average
LCC of the 5 tests with delamination size 1” x 0.5” was slightly higher than the average
LCC of the no delamination tests, and the confidence interval of the 1” x 0.5” tests fits
within the no delamination tests confidence interval. The 2” x 1” average LCC was
significantly lower than that of the no delamination tests. This means that there is a critical
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size of delamination, larger than 1” x 0.5” that will play a role in affecting the load carrying
capacity of the composite, and that the 2” x 1” delamination is at least as big as the critical
size delamination.
3.5.2 Buckling Behavior
Figure 19 shows the typical behavior of one of the buckling tests of the composite
plates without any delaminations. This shows that the furthest out of plane displacement
occurs at the center of the specimen, and decreases as distance increases from the center
out. The strain field acts similarly for the case without delaminations. For all of the tests,
global buckling of the composite either occurred towards or away from the cameras. As
mentioned previously, the delamination was laid up under the surface ply of the composite.
This was considered a near-surface delamination since it was laid up close to the surface
rather than near the mid plane. This was performed in order to see the effect of strain field
behavior caused by the artificially embedded delaminations. Near surface delaminations
tend to cause local buckling of the plies or sublaminate close to the surface upon
compression loading [26]. This local buckling of the top ply was seen in various tests of
the delamination testing in this study, as seen in Figure 20, Figure 28, Figure 29, Figure
31, and Figure 33. However, this local sublaminate buckling was highly dependent on
global buckling direction. There was asymmetry in the composite due to the delamination
not being laid up in the mid plane. Because of this, sublaminate local buckling that resulted
in ply separation of the composite only occurred when the composite buckled globally in
the direction away from the cameras (away from the near surface delamination). When the
composite buckled globally in the direction of the cameras (in the direction of the near
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surface delamination), local buckling of sublaminates did not occur. However, the strain
field was still affected by the presence of the artificial delamination(s) even when local
sublaminate buckling did not occur, as seen in Figure 21, Figure 22, Figure 30, Figure 32,
and Figure 34.
3.5.3 Strain Field Behavior
An observed trend was that as the delamination size decreased, the effect of the
delamination on the strain field of the composite surface became less distinct. In Figure 21,
the 2” x 1” single delamination outline is very distinct in shape, and the difference in strains
around the edges of the delamination compared to within the delamination shape is clearly
seen in the change in color from dark red to light orange. Examining the results of the
specimen with a single delamination size 1” x 0.5” that buckled only globally in Figure 22,
the outline of the delamination is not distinct, but there is a decrease in strain values (as
seen by the orange to yellow transition in the 4th set of images and dark red to light red
transition in the 6th set of images) looking around the edges of the delamination location
compared to within the delamination shape, just not as significant as the 2” x 1” test. As
the composite buckles, the most out of plane deformation occurs at the middle of the
specimen as the composite bows out. This is an explanation as why the strains were highest
at this location as seen in the plots. For this case, when the specimen buckles towards the
cameras, the surface facing the cameras is in tension, while the back side of the composite
plate is in compression. As the specimen deforms, the plies or sublaminates that are all
bonded to each other continue to deform, causing the next subsequent ply to deform where
they meet. Once this reaches the top ply, at the delamination location, the plies are not
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bonded, resulting in a reduction of strain on the surface of the composite at the delamination
location relative to the bonded area of the composite around the embedded delamination.
As this delamination size decreases, the area affected by the reduction in strain decreases
and the amount of strain reduction becomes less due to the smaller delamination size
having less average distance away from the middle of the composite, where the strains are
the highest.
3.5.4 Determination of Double Delamination Size
It was determined that the study regarding the effect of single versus double
delaminations of varied spacing should use a different size of delamination. The 2” x 1”
delamination was too large and did not allow for much spacing of double delaminations
without approaching the clamped edges of the specimens. The 1” x 0.5” delamination had
a much less distinct effect on strain field and did not have a significant effect on the LCC
of the composite plates. Therefore, it was decided that a 1.5” x 0.75” size delamination
would be used for the single delamination vs. double delamination of varied spacing study.
3.5.5 Double Delaminations
The tests performed consisted of a single delamination of this size as well as double
delaminations, which consisted of two 0.75” x 0.75” delaminations that were then spaced
symmetric about the middle of the specimen at varied spacing of 1/8”, 1/4”, and 1/2”.
Testing results shown in Table 5 indicate that there was no discernible effect on the load
carrying capacity of the composite when comparing a single delamination to double
delaminations with varying distances when total delamination area is kept constant. This
can be attributed to the amount of increased scatter seen in the 1.5” x 0.75” tests, as
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indicated by the high range in LCC seen in Figure 27. The effect of the single and double
delaminations with varied spacing on the strain fields of the 1.5” x 0.75” size delamination
specimens was also observed. The 1.5” x 0.75” size single delamination specimens reacted
similar to the 2” x 1” and 1” x 0.5” size delamination specimens. For all three tests, global
buckling away from the camera occurred, resulting in the local buckling of the top ply in
the area of the delamination, as seen in Figure 28. For each of the single delamination tests
that resulted in local buckling of the top ply, when ply separation occurred, it only occurred
on either the top or the bottom of the delamination, but never both. These locations are
points in the strain field that have the highest values of strain, reiterating that ply separation
occurred where the local strains were the highest. It was observed in the strain fields of the
double delamination tests that ply separation occurred at the top of the top delamination
and at the bottom of the bottom delamination, for each of the three different spacings as
seen in Figure 29, Figure 31, and Figure 33. This was a significant finding since none of
the single delamination tests showed ply separations at both the top and bottom extremities.
It was not determined if proper bonding resulted between the spacing of the delaminations
between the top and second ply. If there was indeed proper bonding between the
delaminations, it could explain why ply separation was seen at both extremities for the
double delamination cases. A potential explanation for this would be that the bonding in
between the two delaminations prevented the local buckling to occur at the center of the
specimen, so the local strains continued to build up at each extremity of the top and bottom
delaminations until ply separation occurred at both locations. In the single delamination

53

case, this buildup of local strains would only occur until ply separation developed at the
weaker extremity.
The strain fields of the 1.5” x 0.75” size double delamination tests that only buckled
globally towards the cameras were examined. The local strain values in the delamination
area of the specimen were observed to be lower than the surroundings, just as seen in the
single delamination tests that buckled towards the cameras. The area effected by the
delamination was more distinct than the 1” x 0.5” single delamination tests, but less distinct
than that of the 2” x 1” single delamination tests. However, for the double delamination
tests, it is odd that the strain field of the specimens were not affected by the spacing left
between the delaminations. It would make since if there was a strip of higher local strain
values in the strain field across the center of the specimen, where the spacing between the
delaminations were due to the potential of bonding to occur at this location, but this was
not discernible in the strain fields. This means that there was no discernible difference in
the strain fields caused by varying the spacing of the double delaminations.
3.5.6 Distinct Behaviors in Plots
Two distinct behaviors of the compressive force per unit thickness vs. average out
of plane displacement plots were observed. The first behavior observed showed the
stiffness being maintained to a substantial amount of load relatively close to the LCC. This
was typically followed by a consistent drop in load until failure, as seen in Figure 29. The
second behavior, observed showed the inflection point of the change of stiffness occurring
significantly before the LCC. This was typically followed by a rise in load until close to
the point of failure, as seen in Figure 30. By looking at the out of plane displacement and
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strain fields, it was determined that typically the first behavior observed occurred in
specimens that buckled away from the cameras, and resulted in local buckling of the top
sublaminate and ply separation. The second behavior discussed typically occurred in the
specimens that exhibited global buckling only, towards the camera. This was not true for
all cases, but a strong correlation of this behavior was observed.
3.5.7 Behavior After Ply Separation
One of the important observations made during this testing for all delamination
cases that resulted in local buckling and ply separation was that ply separation did not cause
the composite as a whole to lose its ability to handle a compressive load. This was seen
numerous times, as seen by the out of plane deformation fields indicating ply separation
much before failure, shown in Figure 20, Figure 28, Figure 29, Figure 31, and Figure 33.
This means that even after ply separation of composite specimens due to embedded
delaminations occurs, the integrity of the composite is still intact. This could mean that in
structural applications, ply separation due to near surface delaminations could serve as a
warning to replace the part before damage to the part becomes detrimental to the safety of
the structure or part.
3.6 Composite Buckling Summary
Composites are popular due to their high specific strength and modulus. They are
poor in compression, so it is important to understand why this may occur. Defects such as
delaminations in composites occur due to manufacturing imperfections and incidental
impacts. Composites loaded in compression are greatly affected by the presence of
delaminations. This includes delamination influence of buckling mode and reduction of
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strength. In this study, it was found that there was a critical size of delamination that caused
a significant decrease in load carrying capacity. It was observed that global buckling
direction relative to the delamination determined whether ply separation and local buckling
of the top ply occurred. Even when ply separation did not occur, strain fields on the surface
of the composite were still affected by the presence of delamination. The effect of double
delaminations of similar sized single delaminations was observed. There was no
discernible difference in LCC comparing the single delamination to double delamination
tests. However, there was a difference in strain fields and the occurrence of ply separation
in multiple locations of the specimen was present in the double delamination testing. Two
distinct behaviors were found in the compressive force per unit thickness vs. out of plane
displacement plots. There was a strong correlation between the two distinct behaviors and
the buckling mode the composites experienced. In all tests, even when ply separation
occurred, the composite did not lose its ability to carry load.
Chapter 4. Conclusions
This study has shown that geometric defects play a significant role in affecting both
material properties and material behavior. Although very different materials, composites
and AM metals have similarities. One of these similarities is the existence of defects due
to manufacturing imperfections. It is important to understand the effects of the materialspecific defects so that safety is ensured in their expected use. Conclusions have been
drawn involving the effect of defects in both AM metals and composites.
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The location of defects plays a significant role in the material behavior. High values
of strain were seen around the delamination in the composite testing and locations of crack
propagation around defects were seen in DIC images of tubular tensile specimens.
Multiple defects have also been seen to play a significant role in the material
behavior. In AM metals, it was observed that multiple voids internally formed in a variety
of tubular specimens, which are potential locations of fracture initiation and stress
concentrations. In composites, the effect of double delaminations was seen in causing
differences in ply separation behavior of the composite plate.
Size of defect has also shown to play a significant role in material properties and
behavior. In AM materials, the internal void specimens were shown to have similar UTS
values as the pristine specimens, showing that the void was small enough to not play a
significant role in the reduction of the UTS value. Similarly, the composite testing showed
that there was a critical size of delamination (larger than 1” x 0.5” but smaller than 2” x
1”) in the significance of reducing the load carrying capacity of the composite plates in
compression.
Chapter 5. Future Work
5.1 AM Metals Future Work
It is recommended that similar testing with another type of AM metal should be
performed. This would help to determine if the trends that occurred in this study were
material dependent behavior specific to AM 316 SS, or if the trends seen would also relate
to other AM metals. Testing should also be done with similar specimens manufactured in
different print directions to examine the effect of print direction and anisotropy in AM
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metals. This would determine if print direction had a significant effect on the material
properties of AM metals. Knowing that there is variation of material properties in the build
direction dependent on height from the build plate, testing is recommended of specimens
that are made of different sizes to examine if the results would produce similar stress-strain
responses. This would show the criticality of part size on the effect of material properties
due to anisotropy in the build direction. Location of defects play an important role in
affecting material properties. Testing could be done on similar tubular specimens to
examine the significance of location of defect on the material properties. This would show
how much of an effect the taper had on the testing performed in this study, and if defects
of similar size in different locations would create stress concentrations large enough to
change the fracture location.
5.2 Delamination in Composites Future Work
Future work would include further testing of double delamination experiments.
Current results indicate no distinguishable difference in LCC, but this is thought to be due
to scatter in the data. More testing would give a larger sample set to try to identify a trend
that may be occurring in the data. It would also allow the opportunity to test different
spacings. Further testing could be performed on the effect of location of double
delaminations in the same plane. This could be done to determine effects of double
delaminations asymmetric to the mid-plane, as well as double delaminations that are
misaligned (in either the vertical direction, horizontal direction, or both). Testing could
also be performed similar to this study, but varying the delamination depth to determine if
specimens containing double delaminations show different trends when not occurring in a
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near surface delamination. Future work could also include non-destructive evaluation, such
as an ultrasonic C-scan, prior to testing of the bonding between the plies of the composite
in order to determine if sufficient bonding occurred in the spacing between double
delaminations. This would provide further data to examine whether the effect of two
delaminations acts similarly to a single delamination of similar size. Testing of artificially
delaminated composites on a larger scale could be performed to determine if percentage of
delaminated area in a composite has similar influence when comparing results of
specimens of different size.
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